Determination of the chemical forms along with the relative quantity of the dierent species in a given sample, termed as speciation, can be done by analyzing X-ray absorption ne structure spectra. The dierent methods that can be used for speciation are: principal component analysis, target transformation, methods based on derivative spectra, method based on the relative position of the absorption edge, residual phase analysis, normalized dierence absorption edge spectra analysis and linear combination tting. An attempt has been made to make a comparative study of these dierent methods of speciation by recording the X-ray absorption ne structure at the copper K-edge in a mixture having cuprous oxide and cupric oxide in a specic ratio. The X-ray absorption ne structure spectra of the two oxides have also been recorded separately and the dierent characteristic X-ray absorption near edge structure features have been identied and their origins have been discussed. Speciation of the mixture has been done using these dierent methods and the results obtained have been compared and discussed.
Introduction
Speciation concerns identication and quantication of the dierent chemical species present in a sample. X-ray absorption spectroscopy (XAS) is an easy, reliable and widely used technique for speciation. While extended X-ray absorption ne structure (EXAFS) can be used to determine the local structure around the absorbing atom, i.e., bond distance, coordination number and chemical identity of the elements, the X-ray absorption near edge structure (XANES) can be used to provide information about oxidation state of an excited atom and its coordination symmetry. The main scientic issues concerning speciation ultimately depend on the molecular-scale structure of species. For speciation, one usually models XAFS spectra of the sample by using well-dened chemical species as standards. The analysis can be done both in the XANES and EXAFS regions. But analyzing the complex structure containing number of species using EXAFS is dicult. When the number of species is more than two and species are unknown, the parametrical analysis becomes practically impossible due to many parameters exceeding the number of allowed independent parameters. In such cases, the analysis of XANES plays an important role.
In a sample dierent chemical species may coexist and for speciation in such cases, several modeling techniques are useful [1] .
The commonly used methods for the analysis of such samples are principal component analysis (PCA) [15] and linear combination tting (LCF)
method [610] . The other X-ray absorption spectroscopic methods in use are residual phase analysis (RPA) [11] , target transformation (TT) method [1, 4] , derivative spectra methods [12] , method based on the relative posi- * corresponding author; e-mail: abhijeetgaur9@gmail.com tion of the absorption edge [12] and normalized dierence absorption edge spectra (NDAES) analysis [1318] . In a preliminary report we have shown the usefulness of LCF and NDAES methods for speciation [19] . In the present work using a test case of a heterogeneous mixture of two oxides of copper, i.e., CuO and Cu 2 O, we have tried to compare and evaluate all of the above mentioned methods of speciation. It is probably for the rst time that such a comparison has been attempted. Harmonics were suppressed by detuning the crystal spectrometer. The XAFS data at the K-absorption edge of copper were obtained in the transmission mode at room temperature. Three ionization chambers were employed as detectors. In each case, Cu metal foil spectra were recorded simultaneously for energy calibration. The energy of the rst inection point of the copper metal K absorption edge was taken as 8979 eV for this purpose.
XANES features of the standards
In the present study, EXAFS data analysis program Athena has been used for normalization [20] . This pro- 
Cu(I) oxide
The Cu K-edge XANES is assigned to the dipole allowed 1s → 4p transition. In Cu(I) compounds, the Cu 4p orbitals split into 4p xy and 4p z due to ligand eld splitting. Hence, their XANES spectra exhibit two peaks, B 1 and C 1 . Peak B 1 can be ascribed to the transition 1s → 4p xy and peak C 1 to the transition 1s → 4p z .
In copper(I) oxide each copper atom forms two collinear bonds with oxygen atoms. In the linear Cu(I) compound having two coordinated ligands, the antibonding copper 4p z molecular orbitals have higher energy than 4p xy orbitals due to the repulsive interaction between electrons along z axis. The covalent ligand orbital overlap along z axis reduces the intensity of the 1s → 4p z transition. Therefore, peak B 1 is intense and appears at lower energy than peak C 1 [13, 21] .
Cu(II) oxide
While Cu(0) and Cu(I) have no hole in the 3d orbital, Cu(II) compounds are in a d 9 conguration, thus a weak but characteristic pre-edge peak representing the quadrupole-allowed 1s → 3d transition appears below the edge in most Cu(II) compounds. This characteristic pre-edge peak observed in most cupric compounds is denoted as peak A. Therefore, the presence of peak A could be regarded as a signature for a divalent copper together with a higher edge energy E 0 compared to those of Cu(0) and Cu(I) compounds [22] . The set of features falling between the labels B 2 and C 2 is dominated by the dipole-allowed transitions to Cu 4p-like nal states which split into 4p xy and 4p z states. The feature B 2 observed as a shoulder in the plot of XANES for CuO is attributed to transitions to the 4p * xy state. The asterisk sign indicates that the transition 1s → 4p xy is accompanied by a shake-down transition associated with charge transfer from ligand to the metal. The peak C 2 at the top of the edge is attributed to the transition to 4p z states [22] .
Data analysis, results and discussions
In the present study, for PCA and target transformation, SIXPack data analysis software has been used. (Details can be found at www.ssrl.slac.stanford.edu/swebb/ sixpack.htm .) LCF has been performed using Athena.
The position of the edge corresponding to the point having µx = 0.5 in the normalized spectrum has been determined using Athena. The dierence spectra and the derivative spectra for the analysis were also constructed using Athena. EXAFS data analysis program Artemis has been used for optimizing the theoretical model to the measured spectrum [20] . This program includes FEFF6L
for generation of the theoretical EXAFS models, and FEFFIT for parameter optimization of the model [6] .
By applying PCA and target transformation the num- 
Principal component analysis
PCA determines the minimum number of signicant components required to satisfactorily regenerate the data matrix, using a reduced space. PCA assumes that the absorbance in a set of spectra can be mathematically modeled as a linear sum of individual components, called factors, which correspond to each one of the species present in the sample, plus noise [3] . The two main outputs from PCA are eigenvalues and eigenvectors [1] . PCA has been performed in both XANES and EXAFS regions. However, the results of PCA have been presented in Fig. 2 only for the EXAFS region in the range 2 to 12 Å −1 . The gure shows the dierent components weighted by their eigenvalues [5] . It can be seen from the gure that the rst two components clearly dominate the spectra and the third component appears to be noise.
Target transformation
In target transformation, which is also known as transformation factor analysis (TFA), the spectra from reference compounds are individually compared with the collection of mathematical PCs. The experimental reference 
Method based on derivative spectra
The derivative spectra of the mixture and the stan- 
Normalized dierence absorption edge analysis
In this method, to quantify copper content, the normalized dierence edge absorption spectra have been calculated by subtracting normalized edge of Cu(II) from that of normalized edge of the Cu(I) which produces characteristic derivative shaped spectra. The dierence spectrum has a positive peak at 89838984 eV and a broad negative feature at 89909000 eV. The amount of cuprous ion present can be determined from the height of the positive peak [13] . In other elements, similar characteristic features are present which can be used for the purpose of speciation [15] . 
Residual phase analysis
The details of RPA have been given by Frenkel et al. [11] . It utilizes one of the known components as a starting phase. The starting phase is then fractionated and iteratively subtracted from the total EXAFS signal to produce corresponding residual spectra. The individual residual spectra are analyzed to obtain the best t as follows.
Taking pure Cu 2 O EXAFS data as the known phase and the EXAFS data of mixture as total EXAFS signal, the residual phase data has been constructed [11] , for all y (adjustable mixing fraction) between 0 and 1, with an increment of 0.1. The dierence spectra have been constructed using Athena. After obtaining the residuals, the tting of residual data have been done using Artemis. 
Linear combination tting
In least-squares LCF, one determines the proportions of the spectra for selected standards that, when summed, yield the least t to the spectrum for an unknown sample.
Also, least-squares LCF can be done across a wide energy range of the spectrum, i.e., even in the EXAFS region and thus enhances the discrimination of dierent species having identical spectral features at a given energy but distinct features at other energies [6] . It may be mentioned here that Figs. 5 and 7 are identical to those reported in our earlier paper [19] which also gives the results of LCF and NDAES methods. These have been repeated here to make the present paper complete in itself and to make available all the methods at one place.
Conclusions
In this study, PCA has been rst performed to dene the number of signicant components in the normalized spectra of the mixture. Target transformation has then been used to examine if the proposed standards (Cu 2 O and CuO) were present in the mixture.
Then speciation has been done by ve dierent methods, namely, derivative spectra method, edge position method, NDAES, RPA, and LCF. The percentages of the components, Cu 2 O and CuO, in the mixture as obtained by these ve methods are summarized in Table. A comparison of the results obtained from these methods with the as prepared composition shows that LCF and derivative spectra method appear to be more accurate than other methods of speciation under consideration, as these two methods give results close to the as prepared percentages of the components in the mixture. However, LCF is much informative as it can be executed across a wide energy range of the spectrum, i.e., even in the EXAFS region. From the present comparative study of the methods of speciation, PCA has been found to be ideal method to identify the number of independent components that constitute the sample spectra. Further, target transformation can be used to rank and identify the most likely standards. LCF has been found to be better method as compared to other methods for nding the percentages of the components in the sample, but it can be applied only when the components have been identied. Four other methods: NDAES, RPA, derivative spectra method, and edge position method can also be used for this purpose.
In case of complex matrices, e.g., soil in which many different chemical forms of the element may coexist, the modeling techniques such as PCA and target transformation are more convenient to use [23, 24] . RPA is suitable for the X-ray absorption spectroscopic analysis of complex and dynamic systems such as metalloenzymes [11] .
